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Since metallographic studies of quenched and tempered cast iron 
have indicated that the carbon might precipitate directly as graphite 
rather than as carbides which are found in steels, this investigation 
used the Debye-Scherrer x-ray diffraction technique to examine elec-
trolytically extracted residues from quenched and tempered ductile cast 
iron samples to determine if cementite was present. 
The precipitation of carbon in quenched samples of this ductile 
cast iron was found to be similar to the precipitation process in steels. 
Cementite was identified during the early stages of the tempering process 
when the tempering temperature was 800 degrees F, 900 degrees F, and 
1000 degrees F. Cementite was not found in samples tempered at 
600 degrees F and 700 degrees F. No attempt was made to identify 
carbides others than cementite, and it was not determined if transition 
carbides precipitated at the lower tempering temperatures. 
The cementite was found to be unstable in the cast iron and 
decomposed rather rapidly at the tempering temperatures at which it 
formed. No cementite was present after 30 minutes tempering at 
ii 
800 degrees F, after 15 minutes at 900 degrees F or after 10 minutes 
at 1000 degrees F. The hardness was found to continue to drop after 
~11 the cementite had graphitized, presumably due to coarsening of the 
graphite precipitate and possibly also due to additional slow precipitation 
of carbon which could have graphitized as rapidly as it precipitated. 
iii 
ACKNOWLEDGEMENT 
The author wishes to express his gratitude to Dr 0 Fred Kiss linger 
and special thanks are extended to Dr. Donald Askeland for their gui-
dance, advice, and assistance during the execution of this work and 
preparation of this thesis. 
The assistance and cooperation of the other faculty members and 
graduate students is gratefully acknowledged. 
iv 
TABLE OF CONTENTS 
Page 
LIST OF FIGURES .. o ••••••••••••••• o ••• o •••• o ••••••• o • • • • • • • • • • vii 
LIST OF TABLES ..................... o. • • • • • • • • • • • • • • • • • • • • • • • viii 
I. INTRODUCTION ........................ o ....... o..... 1 
II. LIT ERA TURE REVIEW ....... o •••••••••••••• o ••••••• o 2 
III. EXPERIMENTAL .............. o •••••••••••••••••• o o • • 7 
A • Mat erial studied. 0 • • • • ••••••••••• 0 • • • • • • • • • • • • 7 
B. Heat Treatment. 0 .......... 0 0................. 7 
C. Metallo graphic studies 0 ••••••••••••••••••• 0 •• 0 • 8 
1. Metallographic Preparation ..•••.•..... 0 • 8 
2. Transmission Electron Microscope .... 0.. 9 
3. Scanning Electron Microscope ........•. 0 10 
D. X-Ray Diffraction. 0 ••••••••••••••••••••••••• 0. 10 
1. Debye-Scherrer Powder Method ...•.... 0. 10 
a. Electrolytic Extraction ........... 0 10 
b. Results with As-received W1 
Tool steel. . . . . . . . . • . . . . . . . . . . . . . . 11 
c. Results with Normalized Ductile 
Iron. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 
d. Nature of Residue. . . . . . . . . . . . . . . . 20 
e. Quantitative Determination of 
Cementite ...... 0 • • • • • • • • • • • • • • • • • 21 
2. Symmetrical Back-Reflection Focussing 
Camera. . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . 22 
3. Diffractometer Technique. . . . . . . . . . . . . . . . 23 
4. Electron Diffraction .............. 0 • • • • • • 24 
IV. RESULTS AND DISCUSSION ..................• o o o o • • • • 28 
A. Precipitation of Carbon from Martensite. . . . . • • . 28 
1. Tempering of Quenched Tool Steel... . . . . 28 
v 
Page 
2. Tempering of Quenched Ductile Iron ...... 0. 31 
3. Coarsening of Precipitate .... 0. 0 ••••• 0 ••• 0. 41 
V. CONCLUSION. o ••• o ••••••••••••••••••••••••• o ••••••••• 48 
BIBLIOGRAPHY ......................•............ o ••••• o o • • • • • • • 49 
VITA ......................... o. o o •••••••••••• o ••••••••• • •• • ••• o. 51 
APPENDICES.... . . . • . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 
A. Crystallographic Axes Calculations from Results 
Obtained with a Symmetrical Back-Reflection 
Focussing Camera .•........•....... 0 0 •••••• • ••••• 0 • • • • 53 
B. 'd' Spacing Corresponding to Measured Value of R 
for Diffracted Spots Observed in Diffraction Patterns 
of Six Particles using Electron Microscope ..•........... 57 
C. TABLE IX-XIV: X-ray Diffraction Data Showing the 
Presence of Cementite in a Residue. 0 • • • • • • • • • • • • • • • • • • 59 
D. TABLE XV-XVII: X-ray Diffraction Data for Samples 
which did not give any Residue on their Surfaces. 0 • o o • • • 65 
vi 
LIST OF FIGURES 
Figure Page 
1. Debye-Scherrer powder pattern of as-received, W1 tool 
steel residue extracted electrolytically 0 • • • • • • • • • • • • • • • • • • • • • 13 
2. Normalized ductile cast iron microstructure ............. 0. 0. 17 
3. Debye-Scherrer powder pattern of normalized ductile iron 
residue extracted electrolytically ................. 0 . . . . . . . . . 18 
4. Electron diffraction pattern of particle No. 3 in the as-
received, W1 tool steel residue extracted electrolytically .... 26 
50 Debye-Scherrer powder pattern of residue extracted 
electrolytically from quenched ductile iron sample 
tempered at 800 degrees F for 15 minutes •............ 0 •• 0. 33 
6. Hardness variation with t emperature and t ime ............•.. 40 
7(a), (b), (c). Apparent microstructure of ductile cast iron 
matrix, after water quenching and t empering for 5 
minutes at 1000 degrees F ............................. 0 0 • o 43 
8(a), (b). Microstructure of ductile cast iron mat rix after water 
quenching and tempering for 30 minutes at 1000 degrees F ... 45 
9. structur e from best replica grid obtained from ductile iron 
sample water quenched and t empered for 15 minutes at 
1000 degrees F .............. 0 •••••••• 0 0 ••••••••••• 0 ••••••• 47 
10. Debye-Scherrer powder pattern of material collected frotn 
the beaker fo r quenched ductile iron tempered for 30 
minut es at 900 degrees F. 0 ••••••••• 0 ••••••••••••••• 0 • o • o o o 66 
vii 
viii 
LIST OF TABLES 
Table Page 
I. X-ray diffraction data obtained fro·m as-received , 
annealed Wl t ool steel. ........ 0 ••••••••••••• 0 ••• 0 •• 0 ••••• 14 
II. X-ray diffract ion data obta in ed from normalized ductile 
iron ........... o • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 19 
III. Values of 'B.' and 'd' obtained with transmission electron 
mi croscope ............. 0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 2 7 
IV . X-ray diffraction data obtained from water quenched 
t ool steel tempered ru: 800 degrees F for 15 minutes ... 0 •• 0 29 
V. Tempering temperature and time that yielded cementite .... 0 36 
VI. Hardness data for ductile iron samples tempered at 800 
degrees, 900 degrees, and 1000 degrees F after aus-
tenitizing for 4 hours at 1850 degrees F and water 
quenched .. 0 •• o ••••••• o • 0 •••• 0 o •••••••••••• 0 •••• 0 •••• 0 •• 0 3 9 
VII. 2 8 and 'd' spacing corresponding to measured values of 
'L' for diffracted lines observed in diffraction pattern of 
as-received W1 tool steel residue, using a symmetrical 
back-reflection focussing camera ..... 0 ••••••••••••••••• o •• 54 
VIII. 'd' spacing corresponding to measured value of R for 
diffracted spots observed in diffraction patt erns of six 
particles using electron microscope ........ 0 •••••• 0. • • • • • • 57 
IX. X-ray diffraction data obtained from quenched ductile 
iron te·mpered at 800 degrees F for 5 minutes ...... . ... 0 • • 59 
X. X-ray diffraction data obtained from quenched ductil e 
iron te-mpered at 800 degrees F for 15 minutes ............ 60 
XI. X-ray diffraction data obtained from quenched ductile 
iron tempered at 900 degrees F for 5 minutes ........... 0. 61 
Table Page 
XIL X-ray diffraction data obtained from quenched ductile 
iron tempered at 900 degrees F for 10 minutes .. 0 •••• 0 •••• 62 
XIII. X-ray diffraction data obtained from quenched ductile 
iron tempered at 1000 degrees F for 5 minutes .•.. 0 0 •••• 0 0 63 
XIV. X-ray diffraction data obtained from quenched ductile iron 
tempered at 1000 degrees F for 10 minutes .. 0 ••••••• 0 • • • • 64 
XV. X-ray diffraction data obtained fro ·m the material collected 
from a beaker for quenched ductile iron tempered at 800 
degrees F for 1 hour ...........•..... 0 ••••••••••••••••••• 65 
XVI. X-ray diffraction data obtained from the material 
collected from a beaker, for quenched ductile iron 
tempered at 900 degrees F for 30 minutes .....•... o o o • o o •• 67 
XVII. X-ray diffraction data obtained from the material 
collected from a beaker, for quenched ductile iron 
tempered at 1000 degrees F for 30 minutes ............ o••o 68 
ix 
I. INTRODUCTION 
Desai's 1 investigation, "Metallographic study of Phase Changes 
in Heat Treated Ductile Iron", indicated that the carbon might have pre-
cipitated from martensite directly as graphite in ductile cast iron. 
Whenever the precipitate was large enough to identify, it was found to 
be graphite. However, he was not able to identify the precipitate during 
early stages of tempering. 
It was decided to study the precipitation of carbon from martensite 
in the same batch of ductile cast iron that Desai studied. In this in-
vestigation the precipitate was to be examined early in the tempering pro-
cess in order to determine if carbides precipitate and subsequently 
graphitize or if the carbon does indeed precipitate directly as graphite. 
X-ray diffraction techniques were to be used to identify the precipitate 
during the early stages of precipitation and to determine how much time 
was required to graphitize the cementite if it did form. 
1 
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II. LITERA TU.RE REVIEW 
Precipitation of carbon from martensite in steels has been studied 
by many investigators using various techniques such as measure·ments 
of specific volume, 2 dilation, 3 magnetization, 3 and electrical resistivity. 3 
4 Grossman discusses five temperature ranges in the tempering process. 
1. Sub-ambient. Retained austenite transforms to martensite. 
2. 100 degrees F to 400 degrees F. Martensite progressively 
loses its tetragonality and becomes cubic. Precipitation of 
transitional carbides of hexagonal structure, called epsilon 
carbide, takes place. 
3. 450 degrees F to 700 degrees F. Retained austenite trans-
forms to lower bainite. 
4. 700 degrees F to 1000 degrees F. Cementite forms. 
5. 1000 degrees F to 1300 degrees F. Agglomeration of cemen-
tite in plain carbon steels and/or formation of alloy carbides 
in alloy steels. 
5 Antia, Fletcher and Cohen employed magnetization, dilation 
studies, x-ray diffraction, specific volume and microscopic studies to 
3 
investigate the tempering of quench-hardened steel. Below 800 degrees 
F they found ·martensitic decomposition involving the formation of hexa-
gonal structure transitional precipitate, called epsilon carbide. They 
found a x-ray pattern of cementite only after a tempering temperature 
of nearly 800. degrees F. They also observed the rapid softening during 
the cementite for ·mation stage which they attributed to agglomeration of 
cementite precipitate and the relaxation of stresses which previously 
maintained lattice coherency between the matrix and Fe2 C. 
6 Crafts and Lamont found the x-ray diffraction pattern of epsilon 
carbide, Fe2 c, in the early stages of tempering. When the tempering 
was higher than 800 degrees F, the pattern of cementite was found. 
7 Similar results were also observed by Trotter and McLean , employing 
the electron microscope to study replicas from the etched surface. 
In the literature 8 , it is mentioned that precipitation of epsilon 
carbide takes place in the range 100 degrees F to 400 degrees F. How-
ever, further heating above 400 degrees F initiated the precipitation of 
cementite which gradually replaced the epsilon carbide in the low carbon 
matrix. At 450 degrees F to 550 degrees F this cementite formed thin 
elongated films at the ·martensite boundarieso From 550 degrees to 
1000 degrees F the cementite gradually coarsened, depleting the matrix 
of carbon until it was entirely body centered cubic ferrite. 
It has been observed that tempering of martensite in cast iron 
yielded secondary graphite nodules. Behder9 and Gilbert10 noticed the 
presence of secondary graphite nodules during their study of the effect 
of heat treatment on the mechanical properties of ductile cast iron. Both 
investigators were studying quenching and tempering of ductile cast iron. 
They found a lower elongation and impact strength in samples having 
secondary graphite in their ·microstructure than in those samples without 
the secondary graphite and they attributed this difference in properties 
to the presence of secondary graphite nodules. 
Desai1 studied the heat treatment of ductile cast iron. His 
metallographic examinations of tempered ductile cast iron samples could 
not identify the precipitate when it was too small to resolve in the opti-
cal microscope. However, he always found the precipitate to be 
graphite when it became coarse enough to identify. Carbide was never 
found in the tempered due tile iron samples. 
Desai1 also studied the graphitization of cementite from the pear-
lite in normalized ductile cast iron samples. He found that the carbon 
in these samples always precipitated on the primary graphite nodules 
and never formed a secondary graphite precipitate as was the case when 
the carbon precipitated from martensite during tempering. 
Desai 1 also reheated partially transfor ·med isothermal transfor-
mation samples. In these samples he found no secondary graphite in 
those areas that had transformation product while secondary graphite 
4 
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was found in the areas that had been martensite. 
As a result of his observations, Desai 1 concluded that when 
cementite graphitized in ductile cast iron, the carbon diffused to, and 
precipitated on, the primary graphite nodules rather than nucleating 
as secondary graphite. Since secondary graphite was found in tempered 
1 
martensite, Desai concluded that the carbon might be precipitating 
directly as graphite rather than as carbide which subsequently graphi-
tizedo 
Gontermann 11 and stead12 claimed that silicon-rich carbides 
precipitated during the tempering of quenched cast irons. Both were 
studying the ternary equilibrium diagram of the iron-silicon-carbon 
system. However, neither were able to identify the carbides by heat 
tinting and they never actually observed carbides. They assumed that 
the carbides were very unstable and graphitized before they became 
large enough to identify. 
Danko and Libsch 13 studied secondary graphite formation by 
metallographic examination of ductile iron. During their investigation 
they observed the following: 
1. For tempering times up to two hours, at tempering tempera-
tures below 1000 degrees F, no secondary graphite was ob-
served in the tempered ductile iron. 
2. Tempering at 1000 degrees F gave small quantities of 
secondary graphite, while tempering above 1200 degrees F 
increased the amount and size of the secondary graphite. 
3. Secondary graphite occured only in the dendritic cores. 
Danko and Libsch 13 concluded that the precipitation of silicon-
rich carbides was the first stage of the secondary graphite formation 
and was followed by rapid graphitization o·r decomposition of these car-
bides. Another important conclusion was that an increase in the silicon 
content resulted in greater quantities of secondary graphite while addi-
tions of carbide forming elements such as Cr, Mn, V, W and Mo, re-
tarded the secondary graphite formation. 
6 
II. EXPERIMENTAL 
A. Material studied 
This investigation was carried out on continuous cast ferritic 
ductile iron bars of 7/8 inch diameter. No analysis was available on 
this material. The approximate ranges of various constituents given by 
the manufacturer are: 
Total Carbon 3. 25-4. O% 
Si 1. 25-4. O% 
Mn 0.15-0.5% 
Ni 0.00-2.0% 
Cr 0. 30% max. 
Mg 0.02-0.08% 
Cu Traces 
W1 type carbon tool steel bars of approximately 1.1% carbon 
content and measuring 1. 0 inch in diameter were used as a reference 
material because the carbides in this tool steel should be essentially 
unalloyed carbides. 
B. Heat Treatment 
All heat treating was done in Thermolyne Model No. F-A1738-1 
7 
electric muffle furnaces. Furnace temperature was controlled by Bar-
ber Colman controllers, Model 272P capacitroL 
Temperature inside the furnace was measured with a chromel-
alumel thermocouple and a Leeds and Northrup portable potentiometer, 
Model 8696. The temperature was checked at regular intervals during 
the heat treatment cycle. A 11 samples were heated in air. 
The ductile iron was austenitized for four hours at 1850 degrees 
F. The W1 tool steel was austenitized for 1/2 hour at 1700 degrees F. 
After austenitizing, the samples were quenched in water for hardening 
or were air cooled for normalizing treatments. After austenitizing, the 
samples were found to be decarburized. Hardened samples were ground 
after quenching and again after tempering. Tempering was done in the 
same Thermolyne electric muffle furnaces and all samples were air cooled 
from the tempering temperature. 
C. Metallo graphic studies 
1. Metallographic Preparation. Metallographic preparation of 
samples consisted of the following steps: 
a. Belt grinding, 
b. Wet polishing using 240, 320, 400 and 600 grit 
emery papers, 




d. Polishing laps using Metcloth and Elgin Dymo Diamond 
Compound No. 9 Universal for preliminary and No. 1 
Universal for final polishing, 
e. Etching, using either 4% Nital or boiling sodium picrate 
solution. 
Samples were examined on a Bausch and Lomb Research Metallo-
graph. 
2. Transmission Electron Microscope. The light microscope 
failed to resolve the precipitates in quenched and tempered samples. An 
attempt was made to study the growth of precipitated carbon in quenched 
and tempered samples using an Hitachi Type HU-11A, transmission 
electron microscope. The samples were prepared for metallographic 
examination as described above using a Nital etch and replicas were 
made of these surfaces. 
14 A two step replication technique, as described by Ladd, was 
used to prepare samples for the transmission electron microscope. Re-
plica preparation consisted of the following steps: 
a. A few drops of 10% nitro cellulose in amyl acetate 
solution was placed on the polished and etched surface 
and allowed to dry in air thoroughly, 
b. The plastic replica was stripped from the specimen 
surface, 
c. The plastic replica was then placed on a glass slide, 
coated with carbon and shadowed with chromium using a 
Denton Vacuum Evaporator, Type DV-515, 
d. The plastic replica was dissolved in a condensation 
washer using iso-amyl acetate as a solvent, leaving the 
carbon replicas mounted on 200 mesh, 2. 5 mm diameter 
copper grids. 
3. Scanning Electron Microscope. An attempt was also made to 
study the growth of precipitated carbon in quenched and tempered ductile 
cast iron using a JSM Type, Mfg. No. 1082245, scanning electron 
microscope. The samples were prepared for metallographic examina-
tion, as described above, using the Nital etch. This procedure showed 
the primary graphite in a matrix of tempered martensite and, for some 
reason, did not resolve any precipiate. 
D. X-ray Diffraction 
10 
1. Debye-Scherrer Powder Method. A positive and convenient 
method for identifying cementite was found to be the Debye-Scherrer 
powder method using a residue extracted electrolytically from the sample. 
This diffraction technique has been described by Azaroff and Buerger. 15 
a. Electrolytic Ex:tractiono The electrolytic extraction 
procedure has been described in the literature. 16 In this 
investigation a stainless steel beaker was used as the con-
tainer and served as the cathode. The electrolyte was a 
4% hydrochloric acid solution and the current density was 
20 ma/sq em of anode surface. After an extraction time 
that varied from one to two hours, the sample was removed 
from the beaker and dried by blowing with hot air. The 
residue had to be scraped off the surface and was 
collected on a clean piece of paper. 
The residue was picked up on a greased glass fiber 
which was centered in a 114. 6 mm diameter Debye-
Scherrer camera. Mn-filtered Fe-radiation generated to 
40 KV and 10 rna in a Norelco, Type No. 12045 B/3, 
Ser. PSEE, x-ray unit was used. Exposure time varied 
from 15 to 40 hours. 
After developing the exposed film by the usual de-
veloping procedure, a determination was made of the 'd' 
spacings of the diffraction lines obtained in the powder 
pattern, using a calibrated scale for Fe-radiation which 
read the 'd' spacings directly. The intensity of the lines 
was estimated visually without the aid of instrumentation. 
b. Results with As-received W1 Tool Steel. This proce-
dure was applied to a sample of as-received W1 tool steel that 
had a coarsely spheroidized, annealed microstructure in 
order to demonstrate that cementite could be identified in 
11 
a sample known to contain cementite. The pattern obtained 
from this sample is shown on the film in Figure 1 and the 
data taken from this film are tabulated in Table I. 
Table I shows the measured 'd' spacings and the es-
timated intensities of the diffraction lines obtained in this 
powder pattern. The 'd' spacings of various diffraction lines 
of cementite and their relative intensities, I/I , as listed 
0 
in the ASTM index21 are also given in Table I. I/I is the 
0 
ratio of the line intensity to that of the most intense line. 
The ASTM index lists cementite lines with 'd' spacing in 
the range of 2. 54 Angstroms to 1. 58 Angstroms only, and 
only lines in this range were used in this investigation to 
identify cementite in the samples being examined. However, 
all the lines obtained from the experimental patterns were 
measured and reported in this thesis. 
No attempt was made to identify lines outside the 2. 54 
Angstroms to lo 58 Angstroms range. These lines could be 
cementite lines also or they could originate from other sub-
stances in the residue. It is possible to have iron-carbon 
compounds rather than cementite and complex chlorides 
formed during electrolytic extraction might also be present. 
Comparison of the literature data with the experimental 
12 
Figure 1. Debye-Scherrer powder pattern of as-received Wl 




X-ray diffraction data obtained from as-received, annealed W1 
tool steel. 
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data shows that all of the diffraction lines of cementite 
listed in the ASTM index were found in the powder pattern 
at the proper 'd' spacings with an error of approximately 
,:: 0.01 Angstrom. Furthermore, the estimated intensities 
of the experimental lines agreed reasonably with the rela-
tive intensities given in the ASTM index. Only two extra 
lines were found in the range of 2. 54 Angstroms to 1. 58 
Angstromso These results indicate that this technique 
successfully identified cementite in a sample of W1 tool 
steel that contained coarsely spheroidized cementite. 
c. Results with Normalized Ductile Iron. Normalized 
samples of ductile iron yielded the bull 's-eye structure, 
shown in Figure 2. The presence of pearlite indicated that 
this material contained combined carbon. Therefore, resi-
due extracted from a sample of normalized ductile iron was 
examined by the Debye-Scherrer powder method in order to 
demonstrate that cementite could be found in ductile iron. 
The residue extracted from a normalized ductile iron 
sa-mple gave the powder pattern shown in Figure 3. The 
data obtained from the pattern are tabulated in Table II. 
The cementite 'd' spacings for the range 2o 54 Ang-
stroms to 1. 58 Angstroms, listed in Table II agree well with 
16 
Nital Etched 50 0X 
Figure 2. Normalized ductile cast iron microstructure. 
Primary graphite is surrounded by bull 's-eye 
ferrite and the matrix is pearlite. 
17 
Figure 3. Debye-Scherrer powder pattern of normalized ductile iron 





X-ray diffraction data obtained from normalized ductile iron. 
Measured 'd' Estimated 
Spacings, Angstroms Intensity Source 
3.35 s Graphite 
2.37 M Fe3 C 2.26 vw Fe3 C 2. 21 w Fe3 C 2.065 M Fe3 C 2.02 M Fe3 C 
2.01 M Fe3 c 1.97 s Fe3 C 1.87 w Fe3 C 1.85 w Fe C 
1.79 w Un~own 
1.76 w Fe C 
1.72 vw Un~own 
1.68 w Fe3 C 
1. 585 w Fe C 
1.515 vw Un~own 
1.325 w Unknown 
1.223 vw Unknown 
1. 21 vw Unknown 
1.162 w Unknown 
1.15 w Unknown 
1.128 w Unknown 
1.108 w Unknown 
0.99 w Unknown 
data given in the ASTM index by approximately _:: 0. 01 
Angstrom and the intensities of the lines are also approxi-
mately correct. (See Table I for index data. ) This pro-
cedure identified cementite positively in the residue ex-
tracted from the normalized ductile iron sample. 
In addition to the cementite lines, the normalized 
ductile iron sample showed a line corresponding to the most 
intense graphite line in the region covered by the technique 
at 3. 35 Angstroms. Other graphite lines in this region are 
very weak and were not found. They may have been 
hidden by the cementite lines. However, the strong graphite 
line indicates that graphite was present in the electrolytically 
extracted residue. 
d. Nature of Residue. Some comment on the nature of the 
electrolytically extracted residue may be appropriate at this 
point. In this investigation, samples that contained cemen-
tite gave a residue that adhered to the surface and had to be 
scraped off. No material was found to be suspended in the 
electrolyte or on the bottom of the beaker after the extrac-
tion process of these samples. Residues that contained 
cementite were always found to be ferromagnetic. Thus, 
familiarity with the procedure permitted one to predict 
20 
rather accurately if cementite was present in a sample 
based on the way the sample performed in the extraction 
process and from the magnetic nature of the resulting res-
idue without resorting to x-ray examination of the residue. 
Essentially no residue was obtained from some 
samples that apparently contained no cementite, as will be 
described in the results of the work on quenched and tem-
pered ductile iron samples. Some samples gave, after the 
extraction process, fine material in suspension in the 
electrolyte and/or material on the bottom of the beaker. 
When this material was collected it was not found to be 
ferro·magnetic and the x-ray diffraction patterns of these 
residues did not positively indicate the presence of cementite. 
e. Quantitative Determination of Cementite. An attempt was 
made to determine, at least semiquantitatively, the relative 
amount of cementite in the electrolytically extracted residueo 
Powder pattern films were examined with a micro-photo-
densitometer in order to determine the relative intensities 
of the lines. It was found that films that showed cementite 
lines were too dense for the available micro-photodensitome-
ter equipment. When the exposure time was reduced to 
give a film on which line intensities could be measured, the 
21 
22 
cementite lines were not present. For this reason the 
determination of the amount of cementite present in the 
sa-mples was not successful. 
2. Symmetrical Back-Reflection Focussing Camera. It was also 
possible to identify cementite in the residue of as-received W1 tool steel 
using a symmetrical back-reflection focussing camera described by 
17 18 Woodard and Shah . The residue was sprinkled on an aluminum 
sample holder coated with vacuum. grease. The sample holder was 
mounted in a 2. 875 inch diameter ca·mera which was evacuated. On a 
single 7 inch long film six exposures using cobalt radiation for different 
times, multiples of 2 min., were given to get the optimum time of 
exposure. 
A powder pattern having ten pairs of lines was obtained. Corres-
ponding 29 values and 'd' spacings for each pair of lines were calculated 
and compared with the 28 values calculated using the lattice parameter 
data on cementite from the ASTM index and the wavelength of cobalt 
radiation. Three of the measured 28 values which were _:!: 0. 08 degrees 
from the calculated 29 values were used to calculate the lattice para-
meters of cementite. The calculation and other data are given in 
Appendix A. 
The lattice parameters of cementite as measured in a residue 
from the tool steel agreed with the A STM index values by .:t:, 0. 10 
Angstrom. Thus, this technique was able to identify cementite. However, 
since much calculation was required in this procedure whereas none 
was required in the Debye-Scherrer powder method, the symmetrical 
back-reflection camera was not subsequently used in this study. 
3. Diffractometer Technique. It was possible to identify ce-
mentite using a General Electric X-ray Diffractometer Model BR, Type 
1, Serial No. 587667 with Cu-radiation and a Ni-filter. The details of 
this technique have been described by Azaroff. 19 
Samples were rotated at two speeds, 4 degrees/min. and 0. 2 
degrees/min. which were equivalent to 10 degrees/inch and 0. 5 degrees/ 
inch on the chart, respectively. 
This technique failed to identify cementite on the surface of a 
metallographically polished as-received W1 tool steel sample. It also 
failed to detect cementite in a 200 mesh powder of this same tool steel 
The powder was obtained by grinding and screening the drillings taken 
from the sample. The powder was sprinkled on a greased glass plate 
that was placed in the diffractometer. 
The diffracto·meter technique did positively identify cementite in 
the residue extracted electrolytically from the as-received, annealed, 
W1 tool steeL The residue was extracted as described in the section 
on the Debye-Scherrer powder method, and the residue was sprinkled 
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on a greased glass plate for examination. 
The four strongest cementite peaks were observed at their proper 
2 e angles but peaks of weaker intensity were lost in the background 
radiation. 
An attempt was made to use the diffractometer for the semi-
quantitative determination of cementite in an electrolytically extracted 
residue. In this procedure two parts by weight of as-received tool 
steel residue were mixed with one part by weight of calcium hydro-
xide. 
It was hoped that the height of a strong calcium hydroxide peak could 
be compared to that of a strong cementite peak to obtain an indication of 
the relative amount of cementite present in the sample. However, the pro-
cedure was not successful because the cementite peaks were not suffi-
ciently strong in the samples containing the calcium hydroxide. 
4. Electron Diffraction. Electron diffraction was not found to be 
a satisfactory procedure for identifying cementite. However, the techni-
que was examined rather carefully and this work is described below: 
The residue extracted electrolytically from an as -received Wl tool 
steel sample was sprinkled on a carbon film that had been mounted on a 
200 mesh, 2. 5 mm diameter copper grid and placed in the sa·mple holder 
of a Hitachi Type HU-llA transmission electron microscope. 
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Diffraction patterns were obtained from six particles of the 
residue. These six diffraction patterns, one for each particle, were 
photographed at 135.5 ma objective current. Calculations were made 
for the 'd' spacings corresponding to each diffracted spot on each film. 
The diffraction pattern obtained from particle No. 3 is shown in 
Figure 4. For every diffracted spot on each of the six patterns, 'd' 
spacing values were determined by using the measured values of R, the 
distance of the spot from the center spot on the diffraction pattern. 
The values of R and corresponding 'd' spacings for each diffracted spot 
are given in Appendix B and are summarized in Table ill. A repre-
sentative calculation for the 'd' spacing of the diffracted spot identified 
by the arrow in Figure 4 is given in Appendix B. 
Some of the 'd' spacings were found to be in agreement with the 
'd' spacings of cementite given in the ASTM index. Two of the six 
particles showed no spots corresponding to the 'd' spacings in cemen-
tite. Furthermore, only seven of the twenty-three 'd' spacings cal-
culated were in agreement with the 'd' spacings of cementite listed in 
ASTM index. The most intense 'd' spacing of 2. 01 Angstroms was 
not observed in any of these six particles. Thus, this technique was 
not considered useful for detecting the presence of cementite. 
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Figure 4. Electron diffraction pattern of particle No 0 3 in the 




Values of 'R' and 'd' obtained with transmission electron micro-
scope. 
'R' Distance 
Particle Giving Between Spot and 'd' Spacing 
the Spot Center Spot, CM Value, Angstroms 
2 0.86 7.94 
3 1.38 4.94 
6 1. 94 3. 52 
3 2.23 3.075 
1 2. 30 2.96 
3 2.48 2 . 75 
1,5 2. 565 2.66 
3 2.63 2.59 
4,6 2.65 2.58 * 
2 2.88 2.37 * 
6 3.08 2.22 
4 3.09 2.2* 
2,3 3.15 2.16 
1 3.19 2.14 
5,6 3.21 2.125 
4 3.27 2.09* 
2 3.47 1.965* 
5 4.10 1.665* 
4 4. 38 1.56* 
* Values are in agreement with the 'd' spacings given in 
ASTM index of cementite. 
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IVo RESULTS AND DISCUSSION 
A. Precir>itation of Carbon from Martensite 
1. Tempering of Quenched Tool steel. As-received W1 tool steel 
was quenched and tempered at various temperatures to find the tempering 
temperature which yielded samples that contained cementite. Water 
quenched tool steel samples that were tempered at 400, 500, 600 and 
700 degrees F for 15, 30 and 45 min. did not give any residue on their 
surface when subjected to the electrolytic extraction procedure. Samples 
tempered at 800 degrees F for 15 min. , 1, 2 and 4 hours gave magnetic 
residues on their surface. These observations indicated that cementite 
was present after tempering at 800 degrees F but was not present in 
samples tempered at 700 degrees F and lower temperatures. 
The residue obtained from the sample tempered at 800 degrees F 
for 15 min. was examined by the Debye-Scherrer powder method. The 
data obtained from the powder pattern are tabulated in Table IV. 
As shown in Table IV, the 'd' spacings marked with an asterisk 
agree well with the values and the intensities of cementite lines in the 
range 2. 54 Angstroms to 1. 58 Angstroms., given in the ASTM index. 
TABLE IV 
X-ray diffraction data obtained from water quenched tool steel 
tempered at 800 degrees F for 15 minutes. 
Measured 'd' 




































































TABLE IV (continued) 
Measured 'd' 




S .. 0. Strong 
M ... . Medium 
W .... Weak 





These results indicate that cementite was present in the quenched and 
tempered tool steel sample tempered at 800 degrees F. 
These observations agree with those of Antia, Fletcher and 
Cohen, 5 who found diffraction lines of cementite only after tempering 
at 800 degrees F and higher temperatures. 
2. Tempering of Quenched Ductile Iron. The precipitation of 
carbon from martensite in ductile iron was studied in water quenched 
samples tempered at 600, 700, 800, 900, and 1000 degrees F. The 
samples tempered at 600 and 700 degrees F for 15, 30 and 45 min. did 
not yield any extraction residue on their surfaces. This indicated 
cementite was not present in these samples. 
Samples tempered for 5, 10, 15 and 30 min. at 800 degrees F, 
tempered for 5, 10, and 15 min. at 900 degrees F , and those tempered 
for 5 and 10 min. at 1000 degrees F gave extraction residues on their 
surfaces while samples tempered at 800 degrees F for 45 and 60 min., 
at 900 degrees F for 30 and 45 min. , and at 1000 degrees F for 15 and 
30 min . did not yield residues on their surfaces. However, in these 
latter cases, where no residue was found on the sample surface , some 
non-magnetic material was found either in suspension and/or on the 
bottom of the beaker in which the electrolytic extraction was carried out. 
The residues obtained from the surfaces of samples tempered at 
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800 degrees F for 5 and 15 min. , at 900 degrees F for 5 and 10 min. , 
and at 1000 degrees F for 5 and 10 min. were examined by the Debye-
Scherrer powder method and these residues showed the presence of 
cementite. The powder pattern for the residue extracted from the sam-
ple tempered at 800 degrees F for 15 ·min. is shown in Figure 5. The 
diffraction lines obtained in the powder patterns of samples tempered 
for 5 min. at 800, 900 and 1000 degrees F were too light, due to in-
sufficient exposure, to permit estimating their intensities. The diffrac-
tion lines in the powder patterns of sa·mples tempered at 800 degrees F 
for 15 min. , and at 900 and 1000 degrees F for 10 min. were dense 
enough to permit estimating their intensities. The diffraction data 
from all these samples are given in Appendix C. 
The lines shown in Tables VIII through XIII that are marked with 
an asterisk agree with those of cementite listed in the A STM index. 
Both their values and estimated intensities, where available, are in good 
agreement. Most of the strong lines of cementite given in the ASTM 
index were observed in these powder patterns and more than half of the 
lines listed in the A STM index were found in these powder patterns. 
Thus, the presence of cementite was indicated in the quenched and tem-
pered ductile iron samples that were tempered for 30 min. or less at 
800 degrees F, tempered for 15 min. or less at 900 degrees F and 
for 10 min. or less at 1000 degrees F. 
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Figure 50 Debye-Scherrer powder pattern of residue extracted electrolytically from 
quenched ductile iron sample tempered at 800 degrees F for 15 minutes 0 
~ 
~ 
As mentioned earlier, no residue was found on the surface of the 
samples tempered at 800 degrees F for more than 30 mino , at 900 de-
grees F for more than 15 min. , and at 1000 degrees F for more than 
10 min. After electrolytic extraction of each of these samples, fine 
material, non-magnetic in nature, was found in suspension in the elec-
trolyte and/or on the bottom of the beaker 0 After extraction of the 
samples tempered at 800 degrees F for one hour, at 900 degrees F for 
30 min., and at 1000 degrees F for 30 min., all the fine material in 
the beaker, in suspension and/or on the bottom, was collected by 
filtering the contents of the beaker. The material from the filter paper 
was collected in a watch glass by washing it off the filter paper with 
acetone. The material was subsequently washed with ether and, after 
air drying, it was examined for the presence of cementite by the Debye-
Scherrer powder method. The powder pattern data obtained from these 
residues are tabulated in Appendix D. 
The powder patterns of these ·materials yielded lines, marked 
with a single asterisk, whose 'd' spacings corresponded to that of 
cementite lines listed in the ASTM index in the region of 1. 58 to 20 54 Ang-
stroms. However, the estimated intensities of these lines did not agree 
well with those listed in the index. Only three of the lines, marked with 
a double asterisk, agreed with both the 'd' spacing and the intensity of 
corresponding lines listed in the index. Furthermore, the third most 
intense line at 2. 38 Angstroms which was always found in other samples 
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containing cementite, did not appear in any of these three powder 
patterns. 
The presence of graphite in these residues is indicated by the 
line marked with a triple asterisk which is the strongest graphite line 
in this region. Thus, it seems reasonable to conclude that if cementite 
were present in any of these three samples, its amount was too small 
to permit a positive identification. 
Table V shows the tempering temperatures and times that gave 
samples that contained cementite. These data indicate that the precipi-
tat ion of carbon from martensite in ductile cast iron is essentially the 
same as the precipitation from martensite in steels at temperatures of 
800 degrees F and higher 0 In both materials the carbon comes out of 
solution as cementite. However, in the ductile cast iron the cementite 
is not stable and decomposes rather rapidly into secondary graphite 
and ferrite. 
As shown in Table V, cementite was present in samples temper-
( 
ed at 800 degrees F for 30 rnino or less, at 900 degrees F for 15 min. or 
less, and at 1000 degrees F for 10 min. or less. Tempering for longer 
times at these temperatures did not show the presence of cementiteo 
The above observations indicate that cementite is not stable in this 
cast iron at the temperatures at which it precipitates. It is known that 




Tempering temperatures and times that yielded cementite. 
Tempering Cementite Present, Tempering 
Time, Temperature, Degrees F 
Minutes 800 900 1000 
5 Yes * Yes * Yes * 
10 Yes Yes * Yes * 
15 Yes * Yes No 
30 Yes No No 
45 No No 
60 No 
* Indicates cementite identified by Debye-Scherrer Powder Method. 
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cementite during tempering of quenched samples appears to occur more 
rapidly than the graphitization of carbides from pearlite or bainiteo 
Desai1 studied the isothermal transformation of the austenite in 
samples of the same batch of ductile iron as studied in this investigation. 
Desai" found that bainite formed at 1000 degrees F was still present in 
the sample after 4 hours at 1000 degrees F. We must recognize that 
he did not know if any carbide was still present after 4 hours. Desai 
merely observed a microstructure that indicated only partial decomposi-
tion of the bainite-like microstructure. 
Desai found that the cementite in the pearlite formed at 1100 de-
grees F was completely graphitized in samples held at this transformation 
temperature for 4 hours o He found that only about 2 hours was required 
to graphitize the pearlite at 1200 degrees F while all the pearlite was 
gone after 10 min. at 1300 degrees F. Since no secondary graphite was 
found in these samples that transformed to pearlite isothermally and 
subsequently graphitized, it would appear reasonable to conclude that the 
disappearence of the pearlite corresponded to the graphitization of the 
cementite in the pearlite. If this conclusion is correct, the graphitization 
of the cementite from pearlite is much slower than graphitization of 
cementite precipitated from martensite during tempering. 
The cementite precipitated from martensite at 1000 degrees F was 
graphitized in 10 min. while the cementite in pearlite had to be at 
1300 degrees F in order to graphitize in 10 ·min. The cementite in the 
tempered sample was undoubtedly much finer than the lamellar cementite 
of the 1300 degrees F pearlite and this could easily influence the rates 
of graphitization. 
In addition to the different rates of graphitization there is another 
interesting difference between the graphitization of cementite in pearlite 
and that precipitated from martensite. When the pearlite graphitizes, 
secondary graphite does not form. When the martensite is tempered, 
secondary graphite does form. Apparently, the nucleation of graphite is 
more difficult in the pearlitic structure. 
The hardness of each of the quenched and tempered samples was 
measured. The hardness data is given in Table VI. A comparison be-
tween Table V and Table VI shows that cementite was not detected in 
samples softer than Rockwell C 47.. The hardness data is plotted in 
Figure 6. In this figure the dotted line at Rockwell C 47 separates the 
samples on or above the line that contained cementite from those samples 
below the line that did not. However, as shown in Figure 6, the dis-
appearance of cementite was obviously not the end of the tempering pro-
cess because the hardness changed appreciably after cementite ceased to 
be present. Presumably the as-quenched martensite which is very highly 
supersaturated with carbon precipitates carbon very rapidly early in the 




Hardness data for ductile iron samples tempered at 800 degrees, 
900 degrees, and 1000 degrees F after austenitizing for 4 hours at 
1850 degrees F and water quenched. 
HARDNESS ROCKWELL C 
Tempering Tempered at Tempered at Tempered at 
Time 800 degrees F 900 degrees F 1000 degrees F 
5 min. 50 50 49.5 
10 min. 49.5 48.5 48 
15 min. 48 48 38 
30 min. 47 42.5 33.5 
45 min. 46.5 41 
1 hr. 46 39 
2 hrs. 44 37.5 
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Figure 6. HA"RDNESS VA"RIATION WITH TEMPERATURE AND TIME ~ 0 
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hardness drops rapidly during a relatively short period at the start of 
tempering and then the hardness drops at a much slower rate. This 
effect is shown by the curves in Figure 6. The carbon that comes out 
of solution from the martensite during this early stage of tempering is 
cementite - when tempering is at 800 degrees F or higher. Since the 
cementite is not stable in the ductile iron at these temperatures, it 
graphitizes rather rapidly as stated above. 
The significant drop in hardness in the cast iron after the cemen-
tite has graphitized could be due, to some extent, to additional precipi-
tation of carbon. Presumably this carbon would also precipitate as ce-
mentite but it must be at such a rate that it graphitizes almost as rapidly 
as it comes out of solution, since cementite was not found in the samples 
during this time. There is, of course, the possibility that the mechan-
ism of precipitation will be different with secondary graphite present and 
the process going much more slowly; the carbon might precipitate as 
graphite after the initial rapid precipitation. 
A large part of the decrease in hardness during the tempering of 
the cast iron that was observed after cementite ceased to be present 
could be associated with the coarsening of the precipitate. An attempt 
was made to examine this point but the results were not fruitful. How-
ever, the work will be described briefly. 
3. Coarsening of Precipitate. Since the precipitate could not be 
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resolved in the optical microscope, several samples were examined 
with the scanning electron microscope but this only revealed the primary 
graphite and did not reveal the precipitate. The transmission electron 
microscope, using replicas, was then tried with slight additional success. 
Time did not permit further work on this problem. 
The sample tempered at 1000 degrees F for 5 min. was replicated 
first with one grid revealing a microstructure that appeared to be rea-
sonable for this sample as shown in Figure 7 (a). In order to confirm 
this structure, six more attempts to replicate this sample were made. 
Very few grids with usuable replicas were obtained and the structure 
shown in Figure 7(a) was never duplicated. The structure shown in 
Figure 7(b) and Figure 7(c) were observed on grids obtained during the 
attempts to duplicate the structure in Figure 7(a). It must be concluded 
that the microstructure of this sample is in doubt. 
The sample tempered for 30 min. at 1000 degrees F was repli-
cated with apparent success. Out of ten grids five contained good repli-
cas and they all were similar to the structures shown in Figure 8(a) and 
Figure 8(b). It is possible that these structures represent the graphite 
precipitate that was present in this sample. 
The 1000 degrees F sample tempered for 15 min. should have 
contained a graphite precipitate similar to that in the 1000 degrees F, 
30 min. sample. The precipitate should have been finer in the 15 min. 
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Figu~e 7(a) X7200 
Figure 7 (a), (b), (c): Apparent tnicrostructure of ductile cast 
iron matrix after water quenching and 






Figure 8(a) X7200 
X35,000 
Figure 8(b) 
Figure 8 (a), (b): Microstructure of ductile cast iron matrix 
after water quenching and tempering for 
30 minutes at 1000 degrees F. 
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sample. Gensamer, Pearsall and Pellini20 have determined the rela-
tionship between hardness and microstructure for tempered martensite. 
Using their relationship between hardness and mean ferrite path, the 
hardnesses of the 15 and 30 min. samples indicated the mean ferrite 
paths should differ by 15-20% in these two samples. It was felt that 
this difference might be noticeable or measurable, and an attempt was 
made to compare the two structures. If they differed as expected it 
could have indicated that the true structures of these samples were being 
observed. However, the best structure that could be obtained from the 
15 min. sample is shown in Figure 9. This could not be compared with 
the 30 min. sample. Nothing can be said with any certainity about the 
appearence of the precipitate in the quenched and tempered ductile iron 
at this time. 
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X12, 000 
Figure 9: structure from best replica grid obtained from ductile 
cast iron sample water quenched and tempered for 
15 minutes at 1000 degrees F . 
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V. CONCLUSION 
From the results and observations of this investigation it was con-
cluded that the precipitation of carbon from martensite in ductile cast iron 
was almost similar to that in steel. Cementite was identified, by the 
Debye-Scherrer powder method in the electrolytically extracted residues 
from quenched ductile iron tempered at 800 degrees F for 30 min. or 
less, at 900 degrees F for 15 min. or less, and at 1000 degrees F for 
10 min. or less. Cementite was not identified in ductile iron tempered 
below 800 degrees F. 
However, the tempering process of ductile iron differed from that 
of steel by one aspect, namely, the cementite precipitated from martensite 
was unstable and presumably decomposed to secondary graphite and ferrite 
at the temperature at which it formed. 
The tempering process is not complete by the time the cementite 
has ceased to be present in the samples. The hardness drops appreciably 
after all the cementite has decomposed. Presumably the change in hard-
ness is associated with a growth of the precipitate and possibly also to 
further precipitation of carbon. 
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Crystallographic axes calculations from results obtained with a Symme-
trical Back-"Reflection Focus sing Camera: 
Ten pairs of lines were obtained for the as-received W1 tool steel 
residue when examined with this camera. The crystallographic axes of 
cementite were calculated using the following procedure: 
To calculate 2 8 values from the values of 'L ': 
Angle 8 was related to 'L' by an expression, 
8 = 90 - 0. 196151L, where the constant 0. 196151 was determined 
from the radius of the film cylinder used in this investigation and L, in 
mm . , is the distance between a pair of diffraction lines centered on the 
slit opening in this camera. 
Only 2 8 values of 161.92, 149.40, and 123.62 corresponded to 
2 8 values calculated for Fe3 C axes parameters and cobalt radiation, by 
~ 0. 08 degrees , so corresponding hkl plane and 'd' spacings for these 2 8 





2 e and 'd' spacing corresponding to measured values of 'L' for 
diffracted lines observed in diffraction pattern of as-received W1 tool steel 
residue , using a symmetrical back-reflection focussing camerao 
d = A * 
Distance 2Sin e ' 
'L',mm: .. e = 90 - 0.196151L 2 8 Angstroms 
42 81.77 163.54 0.90 
46.1 80.96 161.92 0.91 
48.6 80.47 160.94 0.91 
58o6 78.51 157.02 0.91 
78.0 74.70 149.40 0.93 
80.6 74.20 148.40 0.93 
135.5 63.81 127.62 1.00 
142.5 62.05 124010 1. 01 
143.7 61.81 123.62 1.02 
150.5 60.48 120096 lo03 
* Where A is Co- ka1. 1. 79028 Angstroms. 
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'd' spacing, (hkl) 
2.§_ Angstroms reflection 
161.92 0.91 (145) 
149.40 0.93 (250) 
123.62 1.02 (044) 






Substituting for the values of 'd', h, k and 1 from the above table, 





2 (0. 93) 
1 
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Solving the above equations, the following values of a, b, and c 
axes were obtained: 
a 4. 61 Angstroms 
b 5. 082 Angstroms 
and, c 6. 84 Angstroms. 
The values of a, b, and c axes listed in the ASTM index for 
cementite are 4. 525, 5. 088, and 6. 740 Angstroms respectively. The 
calculated values are in agreement with the literature values within 






'd' spacing corresponding to measured values of R for diffracted 
spotsobserved in diffraction patterns of six particles using electron 
microscope: 
DIFFRACTION OF PARTICLES NO. 1 to 6 
Particle Measured Distance 'd' Spacing Value, 
Number R, em . Angstroms 
1 2.30 2. 96 
1 2.565 2.66 
1 3.19 2.14 
2 0.86 7.94 
2 2.88 2.37 
2 3 015 2.16 
2 3.47 1.965 
3 1.38 4.94 
3 2.23 3.075 
3 2.48 2.75 
3 2.03 2.59 
3 3.15 2. 16 
4 2.65 2.58 
4 3.09 2.2 
4 3.27 2.09 
4 4.38 1.56 
5 2.55 2. 66 
5 3.21 2.125 
TABLE VIII (continued) 
Particle Measured Distance 'd' Spacing Value, 
Number R, em Angstroms 
5 4.10 1.665 
6 1.94 3.52 
6 2.65 2.58 
6 3.08 2.22 
6 3.22 2.125 
A HEPRESENTA TIVE CALCULATION: 
Camera constant .... ' A L' = 6. 82 Angstroms em 










= 2.16 Angstroms, 'd' spacing value for this 
diffracted spot of a diffraction pattern 
of particle No. 3o 
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APPENDIX C 
TABLE IX-XIV: X-ray diffraction data showing the presence of cementite 
in a residue. 
TABLE IX 
X-ray diffraction data obtained from quenched ductile iron tempered 
at 800 degrees F for 5 minutes. 
Measured 'd' 
Spacings, Angstroms 
















X-ray diffraction data obtained from quenched ductile iron tempered 
at 800 degrees F for 15 minutes. 
Measured 'd' Estimated Intensity 






















* Indicates a cementite line. 
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TABLE XI 
X-ray diffraction data obtained from quenched ductile iron tempered 
at 900 degrees F for 5 minutes. 
Measured 'd' 
Spacings, Angstroms 














X-ray diffraction data obtained from quenched ductile iron tern-






























































* Indicates a cementite line. 
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TABLE XIII 
X-ray diffraction data obtained from quenched ductile iron tern-














* Indicates a cementite line. 
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TABLE XIV 
X-ray diffraction data obtained from quenched ductile iron 














































TABLE XV-XVII: X-ray diffraction data for samples which did not give 
any residue on their surface. 
TABLE XV 
X-ray diffraction data obtained from the material collected from 














































* Indicates 'd' spacing matching with a cementite line. 
** Indicates 'd' spacing and intensity matching with a cementite line. 
*** Indicates a graphite line. 
Figure 10. Debye-Scherrer powder pattern of material collected from the beaker 





X-ray diffraction data obtained from the material collected from 
the beaker, for quenched ductile iron tempered at 900 degrees F for 
30 minutes. 
Measured 'd' 




















* Indicates 'd' spacing matching with a cementite line. 
** Indicates 'd' spacing and intensity matching with a cementite line. 
*** Indicates a graphite line. 
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TABLE XVII 
X-ray diffraction data obtained from the material collected from 

























































* Indicates 'd' spacing matching with a cementite line. 
** Indicates 'd' spacing and intensity matching with a cementite line. 
*** Indicates a graphite line. 
